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EFFECT OF HEAT AND POWER EXTRACTION ON TURBOJET-ENGINE
PERFORMANCE. I - ANALYPICAL METHOD OF PERFORMANCE
EVALUATION WITH COMPRESSOR-OUTLET AIR BLEED

By Reece V. Hensley, Frank E. Rom
and Stanley L. Koutz

SUMMARY

The performance of a turbojet engine with air bled off at the
compressor outlet is analytically investigated. The analysis is
based on the experimentally determined characteristics of the com-
ponents of a typical axial-flow-type turbojet engine. Changes in
the matching characteristics of the engine components and the
change of the mass of working fluid within the cycle are accounted
for in the analysis. A wide range of engine and flight conditions
is covered and air bleeds from O to 15 percent of the air mass flow
through the compressor are considered.

The results are presented in nondimensional form to facili-
tate their application to different engines and are applicable for
turbojet engines with pressure ratios of 4 to 5 and turbine-inlet
temperatures of approximately 2000° R. For engines outside this
range as well ag for centrifugal-flow-typé engines, the method for
calculating the effect of air bleed as set forth in this analysis is
gti1ll applicable. Results of the analysis are presented both as
functions of the pressure and temperature ratios across the engine
and in terms of the conventional propulsion-system characteristics
in corrected form: engine speed, turbine-inlet tempersture, tail-
pipe-nozzle area, thrust, and specific fuel consumption.

In the course of the analysis, it was found that the over-all
engine temperature and pressure ratios were extremely sensitive to
the tail-pipe-nozzle area and the prediction of constant-area per- .
formance was consequently difficult. If any given variation of
tail-pipe temperature with air bleed is used, however, such as
holding tail-pipe temperature constant, excellent checks are
obtained between the experimentel and analytical performance of
~ axigl-flow-type turbojet engines with air bleed.




2 NACA TN 2053

INTRODUCTION

In the operation of current and future aircraft, consider-
able quanbtities of compressed air may be required for such uses.
as cabin pressurization and conditioning, protection against ice
formation, and boundary-layer control. The compressed air can
be obtained from auxiliary equipment; such equipment, however,
requires space and reduces the pay-load capacity of the airplane.
In addition to these disadvantages, the auxiliary equipment must
be designed for peak loads that occur only for small fractions of
the total flight time.

If the airplane is powered by a gas-bturbine engine, the amount
of auxiliary equipment needed can be reduced by bleeding air from
the compressor outlet. Although this system has the advantage of
requiring a minimum of additional weight and space, bleeding air
from the engine will adversely affect the engine performarce.

As part of a program being conducted at the NACA ILewls leb-
oratory to evaluate the various means for obtaining auxiliary power
in aircraft, the effect of bleeding air from the compressor outlet
of an axial-flow turbojet engine has been investigated. Two main
phases are considered: (1) the method of analysis and the develop-
ment of generalized performance charts for a turbojet engine with
air bleed; and (2) the effect of air bleed on specific modes of
engine operation.

The analysis, which is based on experimentally determined
component characteristics derived from an analysis of unavailable
data obtained during altitude-wind~tunnel investigations of a
complete turbojet engine with several tall-pipe nozzles, is presented
herein. The cheracteristics were idealized by fairing a single
curve through the data for several ram pressure ratios and altitudes.

The performance of the basic turbojet engine (combination of
compressor, combustion chamber, and turbine) is determined from the
individual component characteristics by the matching procedure of
reference 1. The matching procedure involves the simltaneous
evaluetion of compressor and turbine variables such as speed, mass
flow, pressure ratio, and temperature ratio and the combustion-
chamber temperature and pressure ratios. Bleeding air from the
compressor outlet changes these variables and consequently changes
the basic engine performance. Changes in the matching of the com-
ponents as well as changes in the mass flow are taken into account
in the analysis. The performance of the basic engine, as determined
from the matching procedure, is presented in the form of pumping
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characteristics (‘i'eference 2). The mass flow through the engine

is given herein as a function of engine speed; the over-all engine-
pressure rabtio is given as a function of over-all engine temperature
ratio, engine-gpeed, and air-bleed ratio,

The performance cheracteristics of the complete propulsion
system are obtained by matching the characteristics of the engine-
inlet system, the basic engine, and the tail-pipe nozzle. The :
effect of air bleed on propulsion-system performence is presented
in the form of generalized propulsion-system performance parameters
from which various problems involving air bleed can be solved.

SYMBOLS

The following symbols are used in this analysis:
A area, square feet
Ca discharge coefficient
c specific heat at constant pressure, Btu per pound per °R
Cy gpecific heat at constant volume, Btu per pound-per °Rr
net thrust, pounds '
f/a  fuel-air ratio
g acceleration of gravity, feet per second per second

AR enthalpy change, Btu per pound

Mo flight Mach number

N engine sgpeed, rpm

P total pressure, pounds per sguare foot absolute
P static pressure, pounds per square foot absolute
Q heat ren;oved., Btu per hour

R ‘gag constant, foot-pounds per pound per OR-

T total temperature, °R . .
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Wg, mass air flow, pounds per second

Wr mass fuel flow, pounds per hour

Wé mass gas flow, pounds per second

B air-bleed ratio, bleed flow/compressor.air flow

4 ratio of specific heats, cp/cv .

o] ratio of total pressure to NACA standard sea-level pressure,
P/2116

e ratio of total temperature to NACA standafd sea-level
temperature, T/519

Subscripts:

0 free stream

1 diffuser inlet

2 compressor inlet

3 compressor outlet

4 turbine inlet

5 turbine ocutlet

6 tail-pipe nozzle :

c compressor ) -

r rated

t turbine

ENGINE COMPONENT CHARACTERISTICS

The first step in the analysis is the determination of the

performance characteristics of the components of the basic engine,
that is, compressor, combustion chamber, and turbine. These
characteristics were determined from altitude-wind-tunnel

1230
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investigations of a complete axial-flow turbojet engine equipped
with tail-pipe nozzles of different sizes in order that an extensive
range of operating conditions could be attained for the compressor
and the turbine. Inasmuch as a single curve was faired through the
data for several ram pressure ratios and altitudes, the Reynolds
number effect on the component performsnce characteristics is not
considered in this analysis. Although variations in engine output
and economy with Reynolds number would be of the first order, it
wvas congidered that these variaetions with Reynolds number would
have only a second-order effect on engine-performance changes due
to air bleed. The component characteristics idealized in this
manner are shown in figures 1 and 2. .

The compressor characteristics are shown in terms of parameters
convenient for matching in figure 1. The mass flow through the com-
presgor, which is assumed to be independent of pressure ratio, is
given as a function of the engine speed; both factors are corrected
to compressor-inlet stagnation conditions. The compressor-power
parameter W, CAHE/N63 (referred to as torque parameter in ref-

erence 1) is plotted ag a Tunction of the compressor mass-flow para-
meter W, ,N/8z for constant values of N/A[6z. All factors are

corrected to compressor-outlet stagnation conditions and are pre-
sented as fractions of the rated values at standard sea-level con=-
ditions. The date in figure 1 uniguely determine all performance
characteristics for the compressor.

Turbine characteristics (fig. 2) are likewise presented in
terms of parameters useful for matching, as idealized from the
experimental data. The pressure ratio across the turbine P4/P5

is plotted as & function of the temperature ratio across the turbine
T4/T5,_ and the turbine-power parameter Wy tABf/N84 is given as &

function of the turbine masgs-flow parameter Wa tN/64 for constant

values of N/'V . These characteristics are given as fractions of

the values obtained when the engine is operating at rated standard
sea-level condition.

Although the component characteristics used in developing the
analysis are appliceble only to axial-flow engines, the method of
analysis is applicable to any turbojet engine, either centrifugel or
axial~flow type, in any range of pressure ratios and temperatures.

i © e e e o e e A = o e RN . - - S np e o e e e
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BASTIC ENGINE PERFORMANCE

Matching procedure. - A basic turbojet engine consists of a
compressor, a combustion chamber, and a turbine operating together
in such a manner that the rotative speed of the compressor equals
the rotative speed of the turbine and that the enthalpy change
across the compressor plus the power lost due to friction and heat
transfer is equal to the enthalpy change across the turbine. If the
work obtained from the fuel mass as it passes through the turbine
is assumed equal to the power lost in friction and heat transfer,
‘then ) :

Wa,cbHe = Wa.,tAEt
In addition, the mass flows are related as follows:

Vg ¢ = (Lf/a) (1-B)V, o

The combustion-chamber pressure drop relates the compressor-outlet
conditions to the turbine-inlet conditions.

Compressor and turbine.characteristics are plotted as functions
of parameters that contein the variables W, AH, and N 8o thab
the turbine and compressor characteristics can be directly related
for the matched condition because of the known relation between com-
presgor and turbine parameters. Thus the compressor characterigtics
are plotted as functions of W, AH /N85, W, /63, and N/NBjz
in figure 1l; the turbine characteristics are plotted as funchions
of Wa’.bAH.t/N64, Wa,.bN/S,;:, and N/‘\{ 6y in figure 2. The com-
pressor parameters Wa"cAHc/NES and Wy N/8z can be converted to
W’&,GAHc/‘l\IB‘,_~ and Wa’cl\T/84 by use of the combustion-chember pressure
drop. Then the compressor parameters Wa’ cA}Ic/1\184 and Wa, cN/ By
are exactly egual to the turbine parameters Wa,'bAHt /Ns4 and
Wa,,'bN/ B4 when no air is bled from the compressor, inasmch as
Wa,cAHc’ Wa.,c’ and. N for the compressor are equal to Wa.,‘sAH-b:
Wa,t , and N for the turbine. Both the compressor and turbine
characteristics can therefore be plotted on the same coordinates
(fig. 3). Any point on this chart is therefore an operating point
of the basic turbojet engine.

If the lines of figure 3 corresponding to operation without
air bleed are considered, selection of a particular point on the
figure fixes the values of the parameters N/N6z, N/NB,,

1230
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a,c ¢

for the mabtched condition., These parameters can be used, together
with the component characteristics of figures 1 and 2, to determine
the temperature and pressure ratios for the entire engine and for

the engine components at any given corrected speed for the case of
zero alr bleed.

W, LAE /N5, Wa,tAHt/Naé’ Wa,cN/84, and Wa,tN/84 necessary

Bleeding alr from the compressor outlet alters the procedure
only slightly. With air bleed, the engine performance is affected
by the decrease in the mass of working fluid in the cycle and by
the changed matching conditions of the compressor and the turbine.
Changes in the metching of these two components can be allowed for
directly on the matching chart (fig. 3). The total work furnished
by the turbine minus the losses due to friction and heat transfer
mst equal the work absorbed by the compressor regardless of the
amount of air bleed. Assuming again that the work obtained from
the fuel mass in passing through the turbine is equal to the losses,

Vg s cAEe = Vg ,’cAEb

The ordinate of figure 3 therefore remains unchanged with air bleed
for both the compressor and the turbine. The relation between the
mass~flow parameters is changed, however, because Wa,t is decreased

from Wa,c by the amount of air bled off. Consequently for a given

percentage alr bleed, the turbine-characteristic chart must be
shifted to the right to compensate for the lower mass flow. The
gbscisse of the mstching chart therefore has two scales, one for
the compressor and one for the turbine, and the lines of constant
N/ ’\]q are shifted to the right. The broken lines and the lower

abscisgss scale in figure 3 illustrate this shift in turbine coordi-
nates for an air bleed of 5 percent of the compressor air flow. The
matching procedures with and without air bleed are similar, provided
the correct sbscissa scales and N/A[6y lines are used for the
desired air bleedoff.

The determination of a match point and the subsequent calcu-
lation of the basic engine performance is accomplished in the
following manner: The selection of a point on figure 3 (using an
absclissa scale and lines of constant N/ ’\[64' corresponding to the

desired alr bleed) establishes a possible operating condition for
the compressor-turbine combination. . The values of W/ /\}93 and

I\T/ I\’64 determine the required temperature ratio across the
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combustion chamber T4/T3. The compressor temperature ratio
TS/Té can be found from the coordinates of the matching chart
by means of the relstion

T3 93 519 93
1M
519 cp’ce3

where AH,/85 can be found from Wy oAH./N®3, Wy /83, and
N/'\fes. A value of 0.24 Btu per pound per °R was assumed for
the specific heat Cp,c*
found in & similar manner by use of the relation

The turbine temperabture ratio can dbe

Ts g AT,
= == s ] e e
T, = 0, 519 6,
A
- Hy

BI9 ¢, 194

A value of 0.27 Btu per pound per °R was assumed for cp 4+ The

over-all engine temperature ratio TS/TZ is then uniquely fixed

for any point on the matching chart, inasmuch as it is the product
of the three known temperature ratios T./T,, T4/Tz, and Tg/Ty.

The pressure ratio across the compressor can be determined

from
Ps  Wa,o'\02/3 ’Ts
Po ¢ | To
2 Wy oNOs/8z \ "2

where the compressor air flow corrected to compressor-inlet con-
ditions . We,, 01\192/82 is found from figure 1 using N/ /\’92 deter-

mined from N/A[6z and Tz/T5. The compressor air flow corrected

to compressor-outlet conditions Wa’ cl\’93/53 ig obtained in the
following manner: )




NACA TN 2053 9

Wé,c‘493 _ Wg,cN/54 Eé

55 - N/'\[@ PS

: W 5
where (@0t /84 is found from the matching chart (fig. 3) and
N/ 65

the combustion-chamber pressure ratio P4/P5 is assumed equal
to 0.945.

The over-all engine preésure ratlio is then the product of

1>~3/P2, P4/P3, and ?5/P4. :

Over-all pumping characteristics. - In presenting the per-
formance of the basic turbojet engine, the method of reference 2 is
uwsed. The compressor, the combustion chamber, and the turbine are
congidered & basic turbojet engine or pump, the purpose of which is
to increase the temperature and the pressure of the working fluid
passing through it. The pumping characteristics consist of a curve
of over-all engine pressure ratlo as & function of over-all engine
temperature ratio for constant values of engine speed and air bleed
and of a curve of engine-inlet mass flow (identical with compressor-
inlet mass flow) as a function of engine speed. The variation of
engine pressure ratio with engine temperature ratio is plotted in
figure 4 for air bleeds of 0, 5, 10, and 15 percent of the compressor
air flow and for corrected engine speeds N/A[ég of 0.9, 1.0, and

1.1 times the rated values for sea-level gtatic operation. The air
negs flow - engine apeed characterigtics are given in figure 1.

In addition to the over-all engine pressure and temperature
ratios, it may be desirable to know the turbine-inlet temperature
ratio Té/'T2 in order to determine the maximim cycle temperatures.

The turbine-inlet temperature ratio as a function of the over-all

engine temperature ratio is presented in figure 5 for air bleeds of
0 to 15 percent of the compressor air flow and for corrected engine
speeds N/\[EE of 0.9, 1.0, and 1.1 times the rated value for sea-

level static operation. For the same range of air bleeds and engine
gpeeds, the compressor temperature and pressure ratios are presented
as functions of the over-all engine temperature ratio in figures 6
and 7, respectively.
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PROPULSTION -SYSTEM PERFORMANCE

Determination of propulsion parameters. - The propulsion
system is the basic turbojet engine combined with an inlet
system and a tail-pipe mnozzle. Performance characteristics of
the basic turbojet engine are obtained by the methods of the
preceding analysis.

Engine-inlet characteristics are generally presented as
functions of flight Mach number in terms of a pressure ratio,
such ag the inlet pressure ratio Pz/Pd° The following values

of Pz/pO (defined herein as ram pressure ratio) were used:
for static engine~inlet éonditions

P
-2 = 0.99
Po
and for flight conditions
P P -
2 14 0,92 2220
Do , Y

Tail-pipe-nozzle characteristics were calculated as functions
of over-all engine pressure and temperature ratios, engine-inlet
pressure ratio, mass flow of gas leaving the engine, and nozzle
arece. by use of one-dimensional flow relations and the equation of
conbtinuity. The equations expressing the nozzle characteristics
in a form convenient for the matching of the basic engine and the
tail-pipe nozzle are, for the unchoked condition,

2(7-1 y-1
7 K3
2 |[Fs5 Pg _[P5:Pp
27g(2116) SN R
Tz 519 R(r-1) L\ 2 Po 2 Po

—

Ty :\]_ Py\2

dA652 Do

and for the choked convergent noézle,
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] (%5>2
Ts rg(2116)2 Py
Ty = Y+1
2 o LR [wWoN[E
- 7.|.1 7-1 ..5____2.
519 R\~ Calgds

The nozzle characteristics from these equations are plotted in
figure 8 for various values of W t'VBZ/CdAssz for a ram pressure
ratio of 1.35.

The process of matching the nozzle characteristics that
incorporate the ram pressure ratio with the basic engine character-
istics determines the propulsion-system performance. For the matched
condition, the mass flows through the components are related as

W, t“J_— Ve, o \[O2 (1-B) (1 . f>

Cahgdy CdA652

woere Wg t 1s the tail-pipe mass flow as well as the turbine
megs flow. The corrected compressor air flow W, GIVGZ/GZ can be

found from figure 1 for any given corrected englne gpeed. Values
are assunmed for f/a, and Cy5 was assumed to be 0.98, so that the

corrected gas flow 'Wg,tﬂlez/chssz can be calculated for a given
tail-pipe area Ag. These conditions then establish a definite

line on the nozzle curves, which is plotted across the engine line
for the same speed on the P /P - S/T plane (fig. 9). The

intersection of these lines gives the values of P5/P2 and TS/TZ

consistent with the assumed fuel-air ratio. The calculation may
be refined at this point by finding the turbine-inlet temperature
ratio T4/T2 from figure 5 and the compressor temperature ratio

T3/T2 from figure 8; these yratios together with a value of I,

from the flight conditions may be used to determine the combustion
temperature rise go that the method of reference 3 can be used to
find f/a. In this calculation, the heating value of the fuel was
assumed to be 18,700 Biu per pound and the combustion efficiency to
be 0.95. With this new f/a, a new nozzle line can be drawn
across the engine line to determine more accurately the operating.
point of the propulsion system. When the value of Ts/Tz is

egstablished in this manner, the turbine-inlet temperature and the
compressor temperature and pressure ratios can be determined for

R
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the propulsion system by use of figures 5 and 7, respectively. The
corrected net thrust can be calculated by use of the following
equations, which contain the known quantities Pg/Pp, Pa/pg, Ts/Tz,

Wa’ ct\'ez/az , £/a, and the flight Mach mmber Mgp: for the unchoked
nozzle,

7-1

w {0 EEEG -G |
82— a 37‘1 'Tz PSPZ

A ’ 519 7R Mo Wa,c‘\J 6o
g B

7-1 2
‘\Il + 5= Mg

or, for the choked convergent nozzle,

75
Fa_ ) (1,2 5193<7+1>7'3=, Ts| 2 PR
3 & 78 \ 2 T2 1 PF5PF
. ' <7+1> 7-1
z

Va0 %

A ls:.s 7R My
g te)
7-'1 2 2
,\’l + TMO

The specific fuel consumption is found by means of the expression

W r\[e

Wy g(_a,%z__g> (1-8) 3600
Fo A6, 05 /5

Presentation of performance parsmeters. - The propulsion-

system performance Tor different operating conditions is presented
in the form of working charts in figures 10 to 15.

1230
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Performance dats for operation with a variable-area tail-pipe
nozzle at a ram pressure ratio Pz/PO of 1.35 are given in fig-

ures 10 to 12, Parts (a), (b), and (c) of each figure represent
corrected engine speeds of 0.9, 1.0, and 1.1 times the rated value,
respectively. The net thrust is used as a parameter in all figures.
In figure 10 the turbine-inlet temperature ratio and the tail-pipe-
nozzle area are plotted as functions of the air-bleed ratio. Tines

t 1 fact (—7—)—Q/82 e (Btu/1 )
of constant power-removal factor u/1b rated thrust

e Fn 82 r

are shown on the temperature ratio - alr bleed chart to permit entry
into the charts if the heat requirement and either the turbine-
inlet temperature ratio or the reguired thrust are known. The
values of the power-removal factor shown are for a rated compressor
pressure ratio of 4.0. For higher rated compressor pressure

ratios, the power-removal factor should be increased by 0.8 of the
percentage increase in the presSsure ratio, The power removed from
the engine is defined as the work done during compression on the air
that is bled off. When the percentage of air bleed is determined
from figure 10, the remaining performance parameters can be deter-
mined from figures 11 and 12. The thrust specific fuel consumption
and the equivalent power-removal specific fuel consumption are

given in figure 11. The values of the equivalent power-removal
specific fuel consumption shown are for & rated compressor pressure
ratio of 4.0. For higher rated compressor pressure ratios, the
equivalent power-removal specific fuel consumpiion should be
decreased by 0.8 of the percentage increase in the pressure ratio.
In the determination of AWf/Q the entire increase in fuel con-

sumpbtion accompenying air bleed (due to the mismatching of the

engine components and to the removal of more work per unit of mass
flow “through the turbine) was charged to the work in compressing

the air that was bled off. The state of the air bled from the engine
is available from the compressor temperabture and pressure ratios
given in figure 12.

Figures 10 to 12 are calculated for a ram pressure ratio of 1.35.
If a range of ram pressure ratios from 1.2 to 1.6 is considered, how-
ever, the values of each of the performance parameters shown in fig-
ures 10 to 12 are always within 3 percent of their values for the
ram pressure ratio of 1.35. Consequently, the curves in these figures
can be used with adequate accuracy for flight conditions within the
range of ram pressure ratios from 1.2 to 1.6. For static engine-
inlet conditions, however, another set of curves is required. Fig-
ures 13 to 15 are similar to figures 10 to 12, but represent static
inlet copditions. These data show the same general trend as for the
higher ram pressure ratio (1.35) and are applied in the same manner.
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An example illustrating the use of the charts in the evalua-
tion of turbojebt-engine performance with air bleed is presented in
the appendix. ‘ .

1230

LIMITATIONS OF ANALYSIS

Inasmich as the analysis presented herein is based on the
component characteristics of a particular engine, the accuracy of
performance prediction for any given engine would depend on the
degree” of similarity between component characteristics for the
engine in question and for the engine used in this analysisg., If )
the components of an engine have characteristics similar to those
shown in figures 1 and 2, the relation between engine temperature
ratio and engine pressure ratio as a function of air bleed will
closely approximate the data of figure 4.

In the computation of performance data from the operating
points determined by the intersection of nozzle and engine pumping
characteristics, certain precautions mmst be observed. The angle
between the nozzle and engine curves is small, and small displace-
ments of either set of curves for any reason will therefore cause
large shifts in the operating point and consequently in the eagine
over-gll pressure and temperature ratios. This statement is
clearly illustrated in figure 16. The solid lines represent the
nozzle and engine characteristics with no air bleed and for 1lO-per-
cent air bleed, assuming no change in nozzle area or compressor
mass flow. The dashed lines show these curves for 10-percent air
bleed if the compressor mass flow were increased 1 percent by
bleeding air. The operating point for 10-percent air bleed has
moved so that the accompanying increasge "in engine temperature
ratio has changed from 3.0 to 8.6 percent. Slight d:.screpancles
in fairing either the nozzle or engine curves will have a similar
effect.

From the foregoing discussion, it follows that in order for
the constant-area operation of two engines to agree, the pumping
characteristics must agree almost perfectly. It therefore cannot
be expected that perfect agreement in operating characteristics
between two enginds with air bleed at constant area will exist. If
a given temperature requirement with air bleed is used (such as con-
sbtent turbine-outlet temperature), however, the agreement in per-
formance between two engines should be as good as the agreéement in
pumping characteristics if the level of operation (magni‘bude of com~
pressor pressure ratio and turbine-inlet temperature) of each engine
is taken into account. Agreement in the over-all pumping. character- ‘
istics does not necessarily meen that the propulsive-system performence

\ a
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will agree as well, because percenbtage changes in propulsive
characteristics also depend on the level of operation, that is,
the actual engine temperatures and pressure ratios. Most current
turbojet engines, however, operate in the same range of tempera-
tures and pressure ratios. Consequently, the propulsive character-
istics of these engines with air bleed can be determined with

- reasonable accuracy from figures 10 to 15. If turbine-inlet
temperatures are appreciably higher than 2000° R, or if compressor
pressure ratios above 4 or 5 are used, propulsion characteristics
could be more accurately determined directly from calenlations
"based on figures 4 to 7 if the component characteristics are
gimilar. Even though the component characteristics of an engine
are different from those used in the present analysis, and the
charts presented herein are consequently not applicable, the per-
formance of the engine with air bleed can be determined by apply-
ing the analytical method developed herein.

APPLICATTIONS OF ANALYSIS

Many problems involving the bleeding of air from the compres-
sor outlet of a turbojet engine can be solved by the use of the
charte presented. Although the performance calculabions are beyond
the intended scope of this report, consideration mmst be given to
several factors in the application of the analytical results to any
specific problem. Because the working charts are presented for
corrected engine speeds of 0.9, 1.0, and 1.1 of rated value,
interpolation must be used.in determinlng the engine "performance
at intermediate speeds. Although linear interpolation may be used
with fair accuracy, greater accuracy can be obtained by using
curves that have been faired through the values of the engine para-
meters for the three speeds.

The state of the air available for auxiliary unse will usually
differ from the state of the air leaving the compressor (figs. 6,
7, 12, and 15) because of throttling and heat-transfer losses that
are not considered in this analysis. Considerable losses mey be
involved, the magnitudes of which will depend on the design of the
bleed system and on the quantity of air bled off.

In the application of compressor air bleed to anti-icing
problems (or other problems where the air bled off is used as a
heat source), the energy available for the desired use mey differ
from the values shown in figures 10 and 13. The values of the
power-removal factor shown are for a rated compressor pressure
ratio of 4.0. For different values of rated compressor pressure
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ratio, the values from figures 10 and 13 should be corrected as
previously stated. The power-removal factor represents the energy
available from the bleed air if the temperature is lowered to the
compressor-inlet total temperature. If the conditions of the
problem indicate that the temperature to which the bleed air can
be lowered is different from the compressor-inlet temperature,

a ubtilization factor must be used in determining the power required
from the engine.

COMPARISON OF EXPERIMENTAL ATR-BLEED
DATA WITH ANALYTICAL VALUES

A comparison between the results of the present analysis and
experimental results of an air-bleed investigation is presented in
figures 17 and 18. The experimentel date were obtained from an
altitude-wind-tumnel investigation of an axial-flow-type turbojet
engine with approximately 25-percent higher rated compressor pres-
sure retio and 10-percent higher rated turbine-inlet temperature
then the engine used as the basis for the analysis. Experimental
bleed data for 91 and 103 percent of rated corrected engine speed
at & ram pressure ratio of 1.2 were obtained for various exhaust-
nozzle areas end air bleeds from O to 11 percent. The analytical
and experimental results of bleeding air from the compressor oub-
let at consbant corrected engine speed and constant turbine-outlet
temperature are presented in figure 17. The analytical performance
was celculated from the working charts (figs. 10 and 11) for a
ram pressure rabtio of 1.35. An excellent check is obtained between
the analytical and experimental changes in engine pressure ratio,
thrust, and specific fuel consumption. The slight discrepencies
between the analytical and experimental changes 1in engine pressure
ratio are due to differences in the basic characteristics of the
two engines. Discrepancies between the analytical and experimental
changes in thrust and specific fuel consumption are due to a
combination of differences in basic engine characteristics, flight
conditions, and level of operation.

Comparison of figures 17(a) and 17(b) shows that engine speed
had little effect on the percentage changees of englne pressure
ratio, thrust, end specific fuel consumption. Constant-area per-
formance with air bleed can therefore be predicted if the turbine-~
outlet temperature is held constant, inasmmch as the variation
of engine speed for this mode of operation is slight.



NACA TN 2053 . 17

The accurate prediction of constant-area constant-speed air-
bleed performance is mmch more difficult, because even slight dis-
crepancies in the pumping characteristics will cause large dif-
ferences in the engine temperature and pressure ratios. This effect
is due to the slight angle of intersection between the pumping and -
nozzle characteristics, as previously pointed out. A comparison
between the analybical and experimental changes in engine tempera-
ture and pressure ratios for constant-speed, constant-area operation
is presented in figure 18. The discrepancies between the analytical
and experimental changes in engine temperature and pressure ratios
are large. A fair check on thrust and specific fuel consumpbtion
is obtained, however, for values of B up to 0.08 or 0.08.

CONCLUDING REMARKS

The performance of an axial-flow-type turbojet engine with
compregsor-outlet air bleed can be determined by the method pre-
gsented herein. The results of this analysiz are presented in terms

- of generalized performance charts that are applicable to a wide

. range of operating conditions. Propulsion characteristics with air
bleed for engines with similasr component characteristics and with
pressure ratios in the range of 4 to 5 end turbine-inlet temperatures

- of approximately 2000° R can be determined by the use of these per-
formence charts. The method of the analysis, however, is appli-
cable for any turbojet engine, with a cenmbtrifugal or axial-flow
compressor, in any range of compressor pressure ratio and turbine-~
inlet temperature.

An excellent check is obtained between analytical and experi-.
mental air-bleed performance at constant taill-pipe temperatures.
Because of the high degree of sensitivity of the engines to tail-
pipe-nozzle area, however, the prediction of constant-area, constant-
speed air-bleed performance is less accurate.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, September 12, 1949,
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APPENDIX -~ USE OF PERFORMANCE CHARTS

The use of the performance charts presented in figures 9
to 14 in solving performance problems involving air bleed is
illugtrated by the following example.
which is similer to existing engines, has the following character-
istics at normsl sea-level rated operation:

F /8, 1be « v v v v ..

N/ 92) I’pm * e o & ® o e s o
T4, OR - * L] L L .’ - L] * L3 - -

We/F »\/92, 1b/(hr) (1b thrust).
AS’ 8g 6. ¢ ¢ ¢ ¢« o ¢ o o v

TS/TZ ¢ e ® & & & o s

The engine has a variable-area tail-pipe nozzle and is
at rated corrected engine speed.

e ® o o 8 o

e & o & * e =

A hypothetical engine,

. 4000

10,000
1870

. 1.0

1.215
. 4.0
. 1.57

operating

At an altitude of 20,000 feet and

& flight Mach number of 0.7, a corrected net thrust F_ /8,
airplane reguires

2000 pounds is required from the engine.

The

500,000 Btu per hour to be delivered from the

bleeding air.

From the flight conditions

following values are obtained:

Pz/po . ¢ e . * e o . o .'- . ..

P,, 1b/sq Tt absolute .

2
Tz’ OR L - L L d - L] Ll *

Bp e e e e e ee e e

92 e @ ¢ o o o *° o e o

.

and . the

inlet

of

compressor outlet by

characterist

Inasmch as the ram pressure ratio falls within the range
1.6, figures 10 to 12 are applicable.
ing at rated corrected speed, parts (b) of these figures should be

used.

Because the engine

ics, the
. 1.352

. 1315

. 492

. 0.823

. .948
of 1.2 to

is operat-

In order to enter the figures, it is necessary to evaluate the
n/82

thrust parameter

(Fn/az r

and. the power-removal factor (§‘7ggj—
pa!

Q/8, [

r

Ve~
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The first parameter is simply the required corrected net thrust
of 2000 divided by 4000, or 0.5. The power-removal factor is
evaluated as )

Q/8p NPy _ 500,000/0.623 N0.948

(F,/85).. 4000

= 208

Then thé\air bleed required (fig. 10(b)) is 5.18 percent of the
compressor air flow. The remaining peformance parameters are

F,/85
‘ (Fn;szjr
knovn. The results are presented in fractional and absolute form
in the following table; the absolute values are found by applying

the appropriate rated sea-level engine-performance parameters and
values of Pz, Tz, s}

02 and 92, obtainable from reference 4, to
the fractional values read from the figures:

Ty4/T5 ,
L] L ] L ] [ ] * L ] . L] - L ] L] [ 3 L ] L] - - . L ] [ ] . - L ] [ ] - L ] 0 [ ] 849
(Tészjr

T4’OR 'l...00lI..l..'....‘.l.....lsos
AS/(As)r....................'......1.08

obtained from figures 10 to 12 with the air bleed and

AG,sqf'b.....;‘....................l,,l’)l
We/Fy

zﬁ;7§;7; S T IR 1.403
We/Fp 1b/(br)(1b-thrust) o« ¢« « v v o v v v o o o o o o . . 1.368
AWe/Qy 1B/BEu + o v v v o v v v e v e e e e v ... 3.98x107%
1=3/192

- ] ) L ] . L ] - L2 * * L ] * * * L3 L] L ] L] - L ] * - . . L) 00855
(B./2;),,

PS/PZ L] [ . . . . . . - . * . . . L] 3 * [ 3 . . . . - . . 3 3042
T, /T _

@3)7&-2_)_ ® ® @& o e & e ¢ e e 2 e & e E " e * * e & e © + 0.958
3 2'r

Ts, OR ® o o 6 & e s 6 e 6 o o e o o s e 8 e & ° e s a e e @ 740
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Figure 1. - Idealized axial-flow-compressor characterispics.
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Fraction of rated power parameter,

Vg AH/N64
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Figure 3. - Compressor and turbine matching chart for air-bleed ratios  of O and 0.05.
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Figure 4. - Variation of engine pressure ratio with engine temperature ratlio and
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Figure 14. - Variation of specific fuel consumption with air bleed and thrust for
variable-area tail-pipe nozzle and ram pressure ratio of 0.99.
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Figure 14. -~ Continued. - Variation of specific' fuel consumption with air bleed and
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Figure 15. - Variation of compressor temperature ratio and compressor pressure ratio

with air bleed and thrust for variable-area tailepipe nozzle and ram pressure ratio
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{(a) Corrected engine speed, 0,91 rated; tail-pipe-nozzle area, rated.

Figure 18, - Comparison of analytical and experimental results of air bleed with

constant tail-pipe-nozzle area for ram pressure ratio of l.2.
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Figure 18. - Concluded. Comparison of analytical and experimental results of alr
bleed with constant tail-pipe-nozzle area for ram pressure ratio of 1.2,
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